In Brief
Sterkel et al. show that blood digestion by blood-sucking insects produces toxic amounts of tyrosine, and that detoxification of an excess of this amino acid is an adaptation to a blood-feeding way of life. Inhibition of tyrosine degradation selectively kills these insects, allowing the design of compounds that target only diseasetransmitting insects.
RESULTS AND DISCUSSION

Tyrosine Detoxification Is Essential for Rhodnius prolixus Survival after a Blood Meal
Tyrosine is a semi-essential amino acid that can be obtained from phenylalanine or the digestion of food. It is used for biosynthesis of proteins, biogenic amines, and melanins, or it can be catabolized through five enzymatic reactions into acetoacetate and fumarate ( Figure 1A ). In humans, several genetic diseases reflect deficient tyrosine catabolism, but the more severe clinical conditions of patients have been attributed to the accumulation of intermediates of the pathway rather than elevated tyrosine levels [4] . All canonical genes coding for tyrosine metabolism enzymes have been identified in the R. prolixus genome [5] , including one copy of each of the five genes involved in tyrosine catabolism, one copy of tyrosine hydroxylase (TH), two prophenoloxidases (POs), and four aromatic L-amino acid decarboxylases (DDCs) ( Figure 1A ). Whereas the catabolic pathway of tyrosine in mammals is only found in the liver and kidney, the R. prolixus mRNAs coding for these enzymes were detected in all tissues but were more abundant in the anterior midgut (Figures S1B-S1F), which suggests a role in the handling of the blood meal. To understand the role of these enzymes in the physiology of R. prolixus, we silenced these genes by intrathoracic injections of double-stranded RNA (dsRNA) ( Figure S2 ). Tyrosine aminotransferase (TAT) and 4-hydroxyphenylpyruvate dioxygenase (HPPD) knockdowns had almost identical outcomes and caused the death of insects after a blood meal (see Figures 1B and 1C for Kaplan-Meier plots; p < 0.0001; the same dataset was also plotted as day of death for individual insects in Figure S3 ). Insect death was preceded by increased tyrosine titers in hemolymph ( Figure S4A ) and precipitation of tyrosine crystals in the hemocele and tissues ( Figures 2B and  2C ). The anterior midgut was the most affected tissue after TAT or HPPD silencing, and tyrosine crystals were observed in the gut lumen, frequently in close association with the epithelium. The extensive alteration of tissue morphology showed a compromised epithelium appearance together with intense melanization near tyrosine crystals ( Figures 2E and 2F ). In several of the dead insects, the content of the anterior midgut had leaked out into the hemocele, suggesting that damage of this tissue may be the main reason for the death of insects. In R. prolixus, a fraction of the free heme produced by hydrolysis of dietary hemoglobin is detoxified via its conversion to dicysteinyl biliverdin-IX-g [6] , which is accumulated in intracellular granules and can be taken as a proxy of the regular digestive physiology in this insect. Control insect epithelia showed abundant green pigment granules, which are absent in cells of dsTATor dsHPPD-injected animals ( Figures 2E and 2F) . Additionally, in most of the insects, tyrosine crystals were also observed in the dorsal vessel, where they may interfere with the function of the circulatory system by blocking hemolymph flow ( Figure 2B ).
Tissue melanization implied PO activation that could be involved in the observed lethal phenotype. PO activation produces reactive oxygen and nitrogen molecules and cytotoxic quinones [7] [8] [9] . However, HPPD/PO double-silenced insects did not rescue lethality of HPPD-silenced insects ( Figure 1C ; p < 0.0001), which indicated that PO activation and excessive melanin synthesis were not responsible for the death of the insects.
In humans, tyrosine levels influence the synthesis of catecholamine neurotransmitters in the brain and TH catalyzes the ratelimiting step in catecholamine synthesis [10] [11] [12] . Because HPPD/TH double-silenced insects also did not rescue lethality of HPPD silencing after a blood meal ( Figure 1C ; p < 0.0001), misregulation in the synthesis of DOPA (and dopamine) due to tyrosine accumulation was also not responsible for this phenotype.
Insects that were knocked down for phenylalanine hydroxylase (PAH) accumulated phenylalanine ( Figure S4B ) but, despite the marked increase in phenylalanine levels, similar to those observed for tyrosine after TAT and/or HPPD knockdown, there was no reduction in R. prolixus survival, as has been previously observed in Anopheles gambiae [13] . The phenotype of diminished survival upon TAT silencing was not reversed in PAH/TAT double-silenced insects ( Figure 1C ; p < 0.0001), which implied that the tyrosine obtained from the blood meal was sufficient for killing the insects without requiring tyrosine derived from phenylalanine hydroxylation. The fact that neither TH nor PO knockdown ( Figure 1B) nor DDC inhibition by carbidopa (Figure 1E) reproduced the lethal outcome of TAT and HPPD knockdowns suggests that these alternative routes do not perform a major role in tyrosine detoxification, thereby highlighting the essential role of the TAT/HPPD tyrosine degradation pathway in ameliorating the deleterious effects of elevated tyrosine levels. Furthermore, in contrast to TAT and HPPD, reduction in PO mRNA levels even prolonged survival after a blood meal (increased insect resistance to starvation; Figures 1B and 1C; p < 0.0001 and p = 0.0093, respectively), which has also been previously observed in yellow dung flies [14] . It should be noted that, different from other tyrosine metabolism genes studied here, PO mRNA levels were only reduced approximately 40% after dsRNA injection ( Figure S2 ) and, therefore, although it seems unlikely, we cannot completely discard PO as an important pathway for tyrosine detoxification.
An alternative explanation could be that lethality was due to a lack of some intermediate downstream in the pathway. This hypothesis was tested by injections of homogentisic acid (the (E) Administration of the DDC inhibitor carbidopa to R. prolixus females on day 1 before a blood meal and day 2 after a blood meal (carbidopa (À1, +2)) or on days 2 and 5 (carbidopa (+2, +5)) after a blood meal failed to reproduce the phenotype observed for TAT and HPPD silencing. The data are plotted as Kaplan-Meier survival curves. At least two independent experiments were performed for each target gene, and each had n = 8-12 insects per experimental group. The data from multiple experiments were combined into a single graph. See also Figures S1-S3 and Table S1. product of the reaction catalyzed by HPPD) into HPPD-silenced insects, which did not reverse or attenuate phenotypes on insect survival ( Figure 1D ; p < 0.0001) and further supported the hypothesis that the death of insects was caused by tyrosine accumulation and precipitation. In concordance with our results, it has been previously shown that human red blood cells undergo hemolysis upon exposure to tyrosine crystals, but not to tyrosine in solution. H + -ion donation from the phenolic groups of tyrosine was suggested as part of the mechanism of hemolysis [15] . The lethal phenotypes observed upon TAT and HPPD silencing contrast with the results obtained for animal models and human patients, where inhibition of HPPD leads to increased tyrosine plasma levels but without any obvious acute deleterious effects [16] [17] [18] . However, long-term high levels of tyrosine in plasma have been associated with insulin resistance [19, 20] and, in a few mammal species, tyrosine crystal formation in the eyes was observed after long-term administration of HPPD inhibitors, a condition that reverted after cessation of the treatment [4, 17] . Moreover, in Caenorhabditis elegans, TAT or HPPD knockout even increased the lifespan [21, 22] . Thus, in contrast to what has been previously reported for other (non-hematophagous) organisms, detoxification of dietary tyrosine is a priority in R. prolixus.
Inhibition of Tyrosine Degradation Selectively Kills Blood-Feeding Arthropods
In humans, hereditary tyrosinemia type I is caused by a genetic deficiency of fumarylacetoacetase, which is the last enzyme of the pathway. The inhibition of HPPD by administration of nitisinone (NTBC; Orfadin) has been successfully prescribed for hereditary tyrosinemia type I patients. HPPD blockage prevents the accumulation of toxic downstream intermediates of tyrosine catabolism and protects against progression of liver disease.
Upon treatment with NTBC, no side effects other than an increase in blood tyrosine levels were reported [3] . In plants, HPPD function is necessary for carotenoid biosynthesis. The HPPD inhibitor mesotrione has been extensively used worldwide as a selective herbicide in maize crops since 2000 under the brand name Callisto [23] . There are no reports of mammalian toxicity for this compound, which has an oral acute lethal dose 50 (LD 50 ) of >5,000 mg/kg in rats [24] . Mesotrione has very little toxicity to humans due to its rapid metabolism and/or excretion [18] .
The same lethal phenotype observed upon HPPD (and TAT) silencing was produced when mesotrione was administered to R. prolixus ( Figures 3A-3C) . Consequently, we further tested the effects of this drug in other arthropods. Mesotrione selectively killed hematophagous arthropods, such as the tick Rhipicephalus microplus ( Figure 3D ) and the mosquito Aedes aegypti ( Figure 3E ), but did not affect non-hematophagous insects such as the milkweed bug Oncopeltus fasciatus ( Figure 3G ) and the mealworm beetle Tenebrio molitor ( Figure 3H ). Furthermore, it did not affect female mosquitoes fed exclusively on 10% sucrose ( Figure 3F ) despite the fact that they were fed a drug dose 50 times greater than that necessary to kill blood-fed mosquitoes, which demonstrates the essential requirement for hematophagy to produce toxicity.
Most insecticides used currently act by absorption through the cuticle. Topical application of mesotrione dissolved in methanol also caused the death of nymphs and the adult R. prolixus, which demonstrates that absorption of this compound across the cuticle in active concentrations is also feasible (Figures 4A and  4B) . Furthermore, R. prolixus first-stage nymphs and mosquitoes fed on mice that had previously received an oral dose of NTBC died after the blood meal ( Figures 4C and 4D) . Lethality of the drug was observed with an oral dose given to mice as low as 1 mg/kg, which is the therapeutic effective dose (1 mg/kg/day) currently used for treatment of type I tyrosinemia in humans [3] , and suggests that ingestion of the drug by the host is a possible practical mode of administration, similar to ivermectin. Collectively, the data presented here demonstrate that these HPPD inhibitors can be used for the selective control of hematophagous arthropod populations.
Piercing the skin of vertebrate hosts that are more than 1,000-fold their size is an obligate part of the way of life of blood-feeding insects. Therefore, it has long been recognized that minimizing the frequency of visits to the host by increasing the size of the blood meal is a general trend in the physiology of blood-sucking arthropods [25] . For the first time, we show that the digestion of a blood meal generates amounts of tyrosine that are potentially toxic to arthropods, which is a deleterious outcome that is prevented by the action of the tyrosine degradation pathway. This reveals that the capacity to avoid very high levels of tyrosine is an essential metabolic adaptation to hematophagy.
Hematophagy has arisen independently several times in phylogenetically distant groups of arthropods. Previous research that addressed the physiology of hematophagy found several adaptations enabling blood-sucking insects to feed on blood, such as anti-hemostatic salivary proteins or antioxidant heme-detoxifying pathways [25] [26] [27] . These studies highlighted how, during the course of their evolutionary path toward hematophagy, different groups of organisms have recruited distinct sets of genes from their non-hematophagous ancestry to effectively respond to similar selective pressures. They revealed a very diverse array of molecular mechanisms performing similar tasks as a result of this independent evolutionary origin. In contrast, we found a single metabolic pathway with highly conserved orthologous enzymes but which have acquired a distinct role in all hematophagous animals tested due to the very high tyrosine concentrations produced after a blood meal that are not found in non-hematophagous animals. This unique importance of tyrosine detoxification for hematophagous arthropods, in addition to pointing to a novel aspect of the evolution of these organisms, raises the possibility that HPPD (and/or TAT) inhibitors can be used in the development of novel strategies to control natural populations of insect vectors.
For all these blood-sucking insects, the blood meal provides raw materials needed for reproduction. Because toxicity produced by inhibition of tyrosine degradation is produced by blood protein digestion, all insects died before completion of oogenesis, thereby also blocking reproduction of the insects, a feature that increases its value as a candidate tool for pest control.
Although this work does open up a possible new avenue for the selective control of hematophagous arthropods, there are significant concerns regarding the release of HPPD inhibitors into the environment, because some HPPD inhibitors are toxic to plants and algae [28] [29] [30] . For this approach to be safe, inhibitors that show higher potency for the hematophagous insect Table S2. enzymes over those from people, other vertebrates, and plants will need to be identified. The design and synthesis of novel HPPD inhibitors are among the most active areas in herbicide research. HPPD has been identified as one of the most promising targets for herbicide discovery because of the crop selectivity of different inhibitors, and more than 6,000 HPPD inhibitors with different chemical properties have already been developed [28] . Therefore, regarding both the potential modes of application and the number of candidate molecules to be screened, these results allow us to foresee a promising perspective for research on the use of HPPD inhibitors as candidate molecules for the control of vector populations. Because hematophagy is an obligatory requisite for these compounds to be lethal, they are expected to be a safer and more environmentally friendly alternative to the neurotoxic organophosphate, carbamate, and pyrethroid insecticides currently in use; these compounds are not selective, and their efficacy is compromised by many decades of adaptation that has made blood-feeding arthropods increasingly resistant to contemporary poisons [31] [32] [33] [34] .
EXPERIMENTAL PROCEDURES
A detailed description of the experimental and analytical procedures is available in the Supplemental Experimental Procedures. Table S3 .
